The flexible tubulin C-terminal tails (CTTs) have recently been implicated in the walking mechanism of dynein and kinesin. To address their role in the case of conventional kinesin, we examined the structure of kinesin-microtubule (MT) complexes before and after CTT cleavage by subtilisin. Our results show that the CTTs directly modulate the motor-tubulin interface and the binding properties of motors. CTT cleavage increases motor binding stability, and kinesin appears to adopt a binding conformation close to the nucleotide-free configuration under most nucleotide conditions. Moreover, C-terminal cleavage results in trapping a transient motor-ADP-MT intermediate. Using SH3-tagged dimeric and monomeric constructs, we could also show that the position of the kinesin neck is not affected by the C-terminal segments of tubulin. Overall, our study reveals that the tubulin C-termini define the stability of the MT-kinesin complex in a nucleotidedependent manner, and highlights the involvement of tubulin in the regulation of weak and strong kinesin binding states.
Introduction
Microtubules (MTs) provide the cell with molecular tracks traveled by dynein and kinesin motor proteins. These polar cylindrical structures, composed of ab-tubulin dimers, are fundamental for many cellular functions such as organelle trafficking, cell division, localization of developmental morphogens, and signal transduction pathways (Goldstein and Philp, 1999) . To date, most studies on kinesins have been carried out on conventional kinesin (reviewed in Vale and Milligan, 2000; Vale, 2003) , a dimer of two identical heavy chains producing processive movement that is mediated by alternating head catalysis of adenosine triphosphate (ATP) (Hackney, 1994; Ma and Taylor, 1997; Gilbert et al, 1998) .
Binding of the kinesin core on MTs is dominated by ionic interactions. Kinesin contributes mainly positive charges to the tubulin binding interface, clustered in loops L7/L8, L11, and the switch II cluster a4/L12/a5 (Woehlke et al, 1997) . Dimeric kinesin dimerizes through an extended coiled-coil region separated into neck and stalk (reviewed in Vale, 2003) . The neck connects to the core motor domain via the so-called neck-linker (b9-b10). The Absence of ATP in the catalytic domain renders the neck-linker highly flexible, while AMP-PNP locks the neck-linker to the motor core (Rice et al, 1999; Skiniotis et al, 2003) .
The C-terminal domains of both a-and b-tubulin consist of helices H11 and H12 (Nogales et al, 1998) at the outer surface of MTs (Li et al, 2002) . The last 10 and 18 C-terminal residues in the a-and b-tubulin, respectively, are highly disordered and not visible in the crystal structure. These flexible C-terminal tails (referred to here as CTTs; according to Sackett et al, 1985) , along with the C-terminal helices, especially H12, contribute a large amount of negative charges to the kinesin-tubulin interface (Hoenger et al, 2000; Kikkawa et al, 2001) . The binding site for conventional kinesin has been established by a variety of methods to be predominantly on the outer surface of b-tubulin, with a partial overlap with a-tubulin (Hoenger et al, 2000) .
CTTs can be removed from MTs using subtilisin, which cleaves B10 amino acids from the a-and B20 amino acids from b-tubulin C-termini (Serrano et al, 1984a; Sackett et al, 1985) . According to limited proteolysis studies, CTTs provide binding sites for tau and MAP2 proteins (Serrano et al, 1984b; Marya et al, 1994; Kar et al, 2003) , and they are also required for the MT depolymerizing activity of KIN I kinesins (Moores et al, 2002; Niederstrasser et al, 2002) . Conventional kinesin and dynein still bind MTs in the absence of the C-terminal peptides, but their processivity is significantly reduced (Thorn et al, 2000; Wang and Sheetz, 2000) .
To address the role of the tubulin tails in the case of conventional kinesin, we generated helical 3D reconstructions from cryo-electron microscopy (cryo-EM) data to compare the structure of kinesin-MT complexes in the presence or absence of the CTTs. We were able to identify distinct differences in the motor conformation according to the nucleotide conditions, before and after subtilisin cleavage of the CTTs. Our interpretations are supported by steady-state and pre-steady-state kinetics as well as equilibrium binding experiments. We also examined the location of the neck in relation to the presence and absence of CTTs using an SH3 density label as recently described in Skiniotis et al (2003) .
Results

Kinesin in the presence of AMP-PNP assumes a more mobile configuration than in a nucleotide-free state
In a first set of experiments, we investigated the structure and the binding characteristics of a monomeric rat kinesin construct (rK354: Sack et al, 1997) on native MTs, in the presence of AMP-PNP or adenosine diphosphate (ADP), and in the absence of nucleotides. Due to technical limitations with helical 3D reconstructions (Beuron and Hoenger, 2001 ), we focused exclusively on monomeric motor constructs. Statistically significant density differences between groups of helically reconstructed 3D maps were identified using t-test analysis (Milligan and Flicker, 1987) . Difference volumes include an area reflecting a certainty of 499% for a real difference in density.
Figure 1 compares 3D reconstructions of rK354 on native MTs in a nucleotide-free versus an AMP-PNP state ( Figure 1A and B). With the underlying MT remaining unchanged, the motor domains exhibit different shapes. In the presence of AMP-PNP, the head forms a slightly narrower nose towards the plus-end. Docking of the X-ray structure into the EMderived envelopes reveals an approximately 121 anticlockwise rotation from a nucleotide-free state ( Figure 1C ) to an AMP-PNP state ( Figure 1D ). Additionally, t-test analysis between nucleotide-free and AMP-PNP-bound motor-MT complexes revealed a lower density close to the motortubulin interface in the AMP-PNP state (Figure 2A ).
Removal of CTTs decreases the binding flexibility of kinesin to MTs in the presence of AMP-PNP
The effects of the CTTs in kinesin-MT interaction were investigated by cleaving CTTs with subtilisin on intact MTs. The CTT cleavage was monitored by SDS-PAGE (Figure 3) , and an electrophoretic shift indicative of proteolysis in the CTTs of a-and b-tubulin was observed ( Figure 3D ; see also Wang and Sheetz, 2000) . The different extent of cleavage between a-and b-tubulin is revealed in the two bands obtained after subtilisin treatment. Previous studies have identified the lower band as b-tubulin, and the upper band as the a-tubulin Sackett et al, 1985) .
After subtilisin treatment of MTs, density differences between nucleotide-free and AMP-PNP-bound motor-MT complexes are no longer detected ( Figure 2B ). Both nucleotide-free and AMP-PNP states approached the nucleotide-free binding configuration on native MTs. AMP-PNP maps before and after subtilisin treatment revealed a very similar density difference as between AMP-PNP and nucleotide-free states on native MTs ( Figure 2C) .
Docking of the crystal structures of rK354 (Sack et al, 1997) and tubulin (Nogales et al, 1998) in the EM density locates loops L8, L11, L12, and the switch II helix a4 at the tubulin interface ( Figure 5 ; see also Hoenger et al, 2000; Kikkawa et al, 2001; Li et al, 2002) . The difference densities obtained between AMP-PNP and nucleotide-free states reside directly above the switch II cluster region.
CTT cleavage strongly increases the binding affinity of kinesin motor domains in the presence of excess ADP The most remarkable effect related to CTTs was found under conditions using excess ADP (20 mM). Under these conditions, kinesin motor domain decoration on native MTs is only very sparse. This is reflected in the almost complete absence of an 8 nm layer line cluster in diffraction images ( Figure 4A ) and is very distinct on MT pelleting assays ( Figure 3C ). Cryo-EM images do not reveal any motor-related mass on the MT surface ( Figure 4A , insets). However, cleavage of CTTs changes the situation entirely: under otherwise identical conditions as used above, complete MT decoration by motor domains was observed ( Figure 4B ; green volumes). Micrographs now show an axially repeating pattern of motorrelated densities at the outer MT surface, and diffraction patterns exhibit a strong 8 nm layer line ( Figure 4B ).
The location of the kinesin neck region is not influenced by CTT cleavage
In Skiniotis et al (2003) , we introduced a clonable density marker (SH3 domain) inserted at the transition between neck-linker and neck coiled-coil, to localize the neck region on monomeric and dimeric kinesins. In the presence of AMP-PNP, the neck region was found locked towards the MT plusend, but there were striking variations between monomeric and dimeric constructs (compare yellow and cyan volumes in Figure 1 Nucleotide-dependent structural changes in monomeric kinesin motor domains. (A) 3D reconstruction of MTs decorated with monomeric rat kinesin rK354 in the absence of nucleotide (magenta), and (B) in the presence of AMP-PNP (cyan). Corresponding lateral projections and diffraction patterns are shown in the insets. In both reconstructions, decoration of tubulin dimers by motor domains was complete (see Figure 3) . Docking of the X-ray structure into the EM-derived envelopes reveals an approximately 121 anticlockwise head rotation after transition from a nucleotide-free state (C) to an AMP-PNP state (D). Figure 6 ). In that work, we could show that subtilisin treatment did not affect the position of the neck in dimeric constructs ( Figure 6 ; compare cyan and magenta volumes). In the present work, in order to exclude the fact that steric constraints between the two motor heads of a dimer might prohibit the detection of the neck-CTT interaction, we further investigated the neck positions in monomers. Again, the position of the marker remained unchanged upon subtilisin treatment ( Figure 6 ; compare yellow and green volumes).
Biochemical characterization of the MT-kinesin complexes
We evaluated the effect of CTT cleavage on the mechanochemistry of the MT-rK354 complexes to provide an insight Bhattacharyya et al, 1985) .
into the structural conformations observed (Figures 1, 2, 4 and 6). Although there was no apparent difference in the steady-state k cat ( Figure 7A , B and G), the subtilisin-treated MT-rK354 complexes appeared to bind the MT lattice more tightly (K 1/2,MT ¼ 0.25 mM) than observed with the native MT-rK354 complexes (K 1/2,MT ¼ 0.6 mM). However, the equilibrium dissociation constant determined for both complexes in the absence of added nucleotide was comparable (K d,MT B0.4 mM, Figure 7C ). These results suggested that the tighter affinity for subtilisin-treated MTs based on the steady-state K 1/2,MT is the result of one or more nucleotide intermediate states during ATP turnover and not simply reflecting a tighter binding of the motor to subtilisin-treated MTs.
To determine the nucleotide state that was binding subtilisin-treated MTs with higher affinity than native MTs, we pursued a series of equilibrium binding experiments. Figure 7D shows the experiment in which we measured directly the concentration of [a 32 P] AMP-PNP that partitions with the MT-rK354 pellet. The data for subtilisin-treated and native MTs were similar, and the K d,AMP-PNP for each was the same at 142 mM. However, when the experiment was repeated with [a 32 P]ADP, there was a significant difference . At 100 mM [a 32 P]ADP, all motors partitioned to the subtilisin-treated MT-rK354 pellet, and the motor affinity for ADP was tighter, K d,ADP ¼ 26 mM. In contrast, for native MTrK354, the K d,ADP was 99 mM. These equilibrium binding Cryo-EM images of MTs under these conditions do not show any signs of motor decoration (inset: averaged projections), which is reflected in the absence of a strong 1/8 nm layer line, corresponding to the axial tubulin dimer repeat. (B) After cleavage of CTTs, ADP-rK354 decorates MTs very efficiently. Cryo-EM images reveal a much rougher outer MT surface, giving rise to a strong 1/8 nm reflection (one motor head per ab-tubulin dimer). In 3D -reconstructions, the motor heads (green) are clearly visible on the MT portion. Scale bars on micrographs ¼ 20 nm.
Figure 5
The C-terminal tail of b-tubulin locates at the vicinity of the switch II cluster. Stereo image of the kinesin-tubulin complex as derived from molecular docking of the atomic-resolution structures into cryo-EM density envelopes of MT-kinesin complexes. The statistically relevant (499%) density difference found between AMP-PNP and nucleotide-free states is shown as a red wire frame (located behind a4 and a5). The same location was found for a density difference between MT-kinesin complexes in the AMP-PNP state, before and after subtilisin treatment (see Figure 2 ). The C-terminus of b-tubulin locates in close proximity to loop 11, a4, loop 12 and a5 of kinesin.'SH3' marks the insertion sites of SH3 density labels shown in Figure 6 . experiments were critical because they also indicate that the MT-rK354 complexes used for the cryo-EM do have AMP-PNP or ADP at the active site. The equilibrium binding experiments presented in Figure 7D and E were designed to determine the K d,AXP , thus requiring low concentrations of AMP-PNP or ADP. At these conditions, the motor may still be bound to native MTs. To evaluate the partitioning of rK354 as a function of MgADP concentration, we designed an experiment similar to the cryo-EM conditions. Figure 7F shows that as a function of MgADP, the motor partitions off the native MTs, yet even at 20 mM MgADP (cryo-EM conditions) the motor remains bound to subtilisin-treated MTs. These studies reinforce our structural interpretations that with the subtilisin-treated MT-rK354 complexes, we have increased the conformational stability of the AMP-PNP state. Moreover, we have trapped an ADP state that is otherwise too transient to visualize on native MTs.
CTT cleavage does not affect the rate of ADP release but alters the pre-steady-state kinetics of MT association and detachment
The structural studies (Figures 1, 2 , 4 and 6) and initial biochemical characterization (Figure 7 ) indicated that the CTTs of ab-tubulin modulate MT interactions with kinesin during the ATPase cycle. To determine the specific nucleotidedependent step affected, we measured the pre-steady-state kinetics of 2 0 (3 0 )-O-(N-methylanthraniloyl)-adenosine 5 0 diphosphate (mantADP) release, MT association with rK354, and the ATP-promoted dissociation kinetics for motor detachment from the MT. Figure 8A shows that the rate of mantADP release increased as a function of MT concentration, with the maximum rate constant for both native and subtilisin-treated MTs at B340 s
À1
. However, the concentration of MTs required to reach one-half the maximal rate was somewhat tighter for subtilisin MTs with K 1/2,MT ¼ 54 mM as compared to 70 mM for native MTs.
In contrast, both the association and dissociation kinetics were affected by the loss of the CTTs. As mantADP release is rapid for kinesin, the initial linear part of the curves in Figure 8A predicts the second-order rate constant for motor association with the MTs. These data are shown in Figure 8B . The second-order rate constant was 3.7 mM À1 s À1 for subtilisin-treated MTs and 2.7 mM À1 s À1 for native MTs. As the fluorescence signal of mantADP release was used to obtain the association kinetics, the second-order rate constant determined also reflects the structural transitions required for mantADP release from the active site of the motor. In Figure 8C , the ATP-promoted dissociation kinetics are shown. For this experiment, an MT-rK354 complex was preformed and then rapidly mixed with MgATP þ additional salt (final concentrations 4 mM rK354, 10 mM MTs, 1mM MgATP, 50 mM KCl). The observed decrease in turbidity reflects the kinesin motors detaching from the MT. The additional salt is required to facilitate detachment of monomeric kinesin from MTs . Note that the rate as well as the amplitude of the dissociation kinetics were both affected by removal of the CTTs from ab-tubulin. For subtilisin MTs, kinesin detachment was observed at 5.9 s
, whereas for native MTs this rate was 7.9 s
. The amplitude of the subtilisin-treated MT transient was B50% of the native MT transient. These results indicate that the CTTs of ab-tubulin play an important role in the structural transitions required for kinesin motor detachment from the MT after ATP hydrolysis.
Discussion
The function of kinesin is tightly coupled to an alternating nucleotide hydrolysis in its head domains (Hackney, 1994; Ma and Taylor, 1997; Gilbert et al, 1998) . ADP-kinesin binds to MTs through immediate nucleotide release. ATP uptake in the leading head mediates the forward motion of the trailing motor through a conformational change in the neck region Figure 6 Tubulin C-terminal cleavage does not affect the positions of the neck region in monomeric and dimeric kinesins. The kinesin neck region position was probed by monomeric and dimeric constructs carrying an SH3 domain at the transitions between the neck-linker and the neck coiled-coil helix a7. In the presence of AMP-PNP, the kinesin neck is found in a stable position towards the plus-end in both complexes with native and subtilisin-treated MTs. However, its position in dimers (blue, before treatment; magenta, after treatment) locates closer to the tubulin surface than in monomers (yellow, before treatment; green, after treatment). Hence, for both monomeric and dimeric constructs, their positions were not affected by the presence or absence of the b-tubulin C-terminus. The atomic model of the docked dimeric rK379-SH3 construct is shown on the right (see also Skiniotis et al, 2003) . (Rice et al, 1999; Skiniotis et al, 2003) , and ATP hydrolysis releases the motor again from the MT surface. If the MT on time is longer than the off time and hydrolysis occurs in an alternating fashion, long processive walks are possible. An important question is how the tubulin portion itself participates in the regulation of the kinesin walking mechanism apart from providing the structural track. Here, we have investigated the conformational states of kinesin motor domains complexed to MTs under different nucleotide conditions and the effect of the highly acidic ab-tubulin C-termini on these binding conformations.
Nucleotide-dependent conformational changes in kinesin-MT complexes
This work revealed significant structural differences within kinesin motor domains in nucleotide-free versus AMP-PNPbound states complexed to native MTs (Figures 1 and 2) . The statistically most significant changes in density occur at the motor-tubulin interface, close to the switch II region of kinesin ( Figure 5) . Thereby, the nucleotide-free state exhibits a higher density at that location than the AMP-PNP state. The shape of the motor domain appears wider and rotated by about 121 (Figure 1C and D) . Hence, the nucleotide-free state displays a more rigid interaction, despite its dislocated neck region (Rice et al, 1999; Skiniotis et al, 2003) , while the AMP-PNP state appears more mobile. Due to the statistical procedure used here, density differences at the plus-end directed nose are not detected at the 99% significance level. Mobile elements produce increased variances and therefore density differences at such locations are statistically less significant.
The structural differences in binding states between nucleotide-free and AMP-PNP states, observed here, are consistent with the large conformational changes reported in the switch II helix during the ATPase cycle (Kikkawa et al, 2001; Kull and Endow, 2002) . The switch II helix is supposed to be one of the sensors that react conformationally to the presence of the g-phosphate in ATP (Vale and Milligan, 2000) . Hence, we can assume that the AMP-PNP state loses part of the binding forces from loops 8 and 12, rendering its conformation more mobile (see also Figure 9 ). This could reflect a conformational state that prepares the motor for releasing from the MT surface after ATP hydrolysis. The nucleotide-free state, on the other hand, represents a clear rigor state depending on ATP to proceed. These results provide the first structural confirmation of biochemical and biophysical studies, which indicated that, while the ADP state of a motor displays the weakest, dissociation-connected binding (Figure 4) , the nucleotide-free state induces the strongest binding affinity (Crevel et al, 1996; Xing et al, 2000; Kawaguchi and Ishiwata, 2001; Uemura et al, 2002) .
Effects of CTTs on kinesin-MT complexes
We have incubated MTs with subtilisin under conditions that removed the CTTs from both a-and b-tubulin ( Figure 3D ; see also Bhattacharyya et al, 1985; Sackett et al, 1985) . The structural data are illustrated in Figures 2 and 4 , and the mechanistic analysis is summarized in Figures 7 and 8 . Our ttest analysis suggests that C-terminal cleavage renders the binding configuration of AMP-PNP-bound motor heads close to that of a nucleotide-free head. The comparison of AMP-PNP states before and after subtilisin treatment produces a density difference ( Figure 2C) , which is very similar to the one detected between AMP-PNP and nucleotide-free states on native MTs (Figure 2A ). As demonstrated in Figure 7D , on treated MTs 98% of AMP-PNP remains bound to the kinesin pocket, and therefore the observed conformational differences are not connected to a loss of nucleotide from the active site. This should be expected, since we found the neck-linker locked forward as with native MTs (Figure 6 ). Nucleotide-free kinesin heads bind equally tight to native or treated MTs ( Figure 7C ). The K d,MT is 0.46 mM for Figure 8 Pre-steady-state kinetics of the MT-rK354 complexes. (A) MantADP release kinetics. The rK354-mantADP complex was preformed and rapidly mixed in the stopped-flow instrument with varying concentrations of native and subtilisin-treated MTs þ 1 mM MgATP (final concentrations after mixing, 1.5 mM rK354 þ 3 mM mantADP for MTs from 1.56-2.8 mM and 3 mM rK354 þ 6 mM mantADP for MTs from 3.125-60 mM). Representative transients are shown in the inset of (B) (3.125, 6.25, 12.5 mM MTs from top to bottom transient). Each transient was fit to an exponential function, and the rate of the fluorescence decrease was plotted as a function of MT concentration. The fit of the data to hyperbolae provided the maximum rate constant for mantADP release for native MTs (k max ¼ 239718 s subtilisin-treated MT and 0.44 mM for native MT. Therefore, the tighter affinity for subtilisin-treated MTs, based on the steady-state K 1/2,MT (0.25 mM ( þ subt.) and 0.6 mM (Àsubt.); Figure 7B ), is a result of one or more nucleotide intermediate states during ATP turnover, and does not reflect a tighter kinesin-MT binding once the CTTs are cleaved. Removal of the CTTs has a very striking effect on the binding properties of kinesin motor domains in the presence of excess ADP, increasing kinesin affinity dramatically (Figure 4) . Equilibrium binding showed that ADP remains in the motor nucleotide pocket and K d,ADP drops from B99 mM on native MTs to B26 mM on subtilisin-treated MTs ( Figure 7E and F) . These data suggest that the removal of the acidic C-terminus traps the ADP-kinesin-MT complex in an otherwise very transient intermediate state, shortly before ADP release and transition into the nucleotide-free conformation. These observations at equilibrium conditions were reinforced by the pre-steady-state kinetics in which ATP-promoted motor dissociation from the subtilisin MTs was aberrant ( Figure 8C ). We also suggest that this effect may be the major reason for the lower processivity reported for kinesin by Wang and Sheetz (2000) , as a strongly bound ADP state probably stalls the motor. The MT-kinesin association kinetics ( Figure 8C ) indicates that removal of the CTTs results in more rapid MT-rK354 complex formation that leads to ADP release. In dimeric kinesin, this could also mean a loss of cooperativity and possibly a destructive interference with the alternating head catalysis process.
Effects of subtilisin treatment on the conformation of the neck region
We further tested the effects of CTT removal on the configurations of the neck region in monomeric and dimeric motor constructs, using mutants with an engineered SH3 domain at the transition from neck-linker to the neck helix a7 (Skiniotis et al, 2003) . Our results clearly show that in the presence of AMP-PNP, the neck-linker of monomeric and dimeric kinesins attaches to the kinesin motor core domain at essentially identical locations, irrespective of CTT presence or absence ( Figure 6 ). Hence, we conclude that the configuration of the neck region itself is not affected by CTTs. In addition, subtilisin treatment does not seem to affect the flexible nature of the neck-linker in nucleotide-free (see also Skiniotis et al, 2003) and, presumably, ADP conditions. Hence, our results do not reflect the proposal made by Thorn et al (2000) .
The C-terminal tail of b-tubulin locates at the vicinity of the switch II cluster Molecular docking shows that the switch II cluster (a4/L12/ a5) locates above the end of helix H12 from b-tubulin, in very close proximity to the disordered CTT ( Figure 5 ). The calculated difference density related to the nucleotide state ( Figure 5 ; red wireframe) locates in close proximity to this cluster. Hence, we assume that the obtained differences are connected with structural rearrangements of the switch II cluster in response to the presence of both the nucleotide in kinesin and the presence of the CTT from tubulin. Besides the switch II cluster (marked as interaction site II in Figure 9 ), loops L11 and L8 also reside at the tubulin interface (sites I and III in Figure 9 ), but both loops seem to be too distant from either of the tubulin C-termini to assume a strong interaction with them. The a-tubulin C-terminus, however, could interfere with kinesin binding via the neck helix (helix 7) of kinesin.
According to our data, removal of the CTTs allows kinesin to form a strong complex with MTs, irrespective of any The kinesin-MT interface consists of three different clusters, loop 11 (I), a4-loop12-a5 (II), and loop 8 (III). (B) In the presence of ADP, the affinity of kinesin to MTs is rather weak and probably only mediated through loop 11 (Asenjo et al, 2003) , which does not seem to be influenced by the CTTs. (C) Upon ADP release, binding sites II and III become more effective through rearrangements in the switch-II region. (D) Upon ATP uptake, the neck-linker (b9-10, a7) locks in its plus-end pointing position and binding sites II and III experience a stronger interference from the b-tubulin C-terminus. It may be possible that a7 interferes with the a-tubulin C-terminus, rendering the head more mobile. (E) Absence of CTTs renders all binding regions equally rigid through all nucleotide states. nucleotide present in the active site. Hence, overall the CTTs appear to weaken, rather than strengthen, the interaction of the motor domain with the MT surface. This suggests that the conformational changes of module a4/L12/a5 from a socalled 'open state' (nucleotide-free) to a 'closed state' (ATP present; Kull and Endow, 2002) result in different levels of interference from the tubulin C-termini, thereby regulating MT binding and release. The state that appears to be the least affected by the CTTs is the nucleotide-free state. Thus, in contrast to the closed (retracted) state of the a4/L12 module in the presence of ATP, the extended state of the switch II cluster may reduce CTT interference (Figure 9 ). Solution studies showed that the helical propensity of b-tubulin CTT can be extended for at least nine more residues (Jimenez et al, 1999) compared to the structure reported in the crystallographic model (Nogales et al, 1998) . Therefore, one may speculate that a helix 2 coil transition in the b-tubulin Cterminus could play a regulatory role in kinesin-tubulin interaction (Jimenez et al, 1999) .
As discussed above, in the absence of CTTs, kinesin-ADP binds MTs very stably. This phenotype resembles that of a monomeric kinesin mutant, reported by Okada and Hirokawa (2000) , which has the highly positively charged K-loop of KIF1A engineered into the position of loop L12. This mutant showed nucleotide-insensitive binding to MTs and its K d values in the ADP state were very close to those with AMP-PNP or nucleotide-free states. In KIF1A, the CTTs appear to interact with the K-loop to keep the monomer on track, which might explain why KIF1A can also be a processive monomer (Okada and Hirokawa, 2000; Okada et al, 2003) . For conventional kinesin however, the CTTs seem to interfere with motor binding in a way that facilitates a stepping mechanism with a high frequency of binding and releasing events. This is achieved by weakening the motor-MT interaction in two critical phases, thereby (a) preventing the second head from binding before the first (MT-bound) head exchanged ADP for ATP, and (b) mediating the release from the MT surface after ATP hydrolysis. Hence, the interaction of motor domains with the CTTs appears to be an important element for fine-tuning the processive walk of kinesin on MTs (Thorn et al, 2000; Wang and Sheetz, 2000) .
Here, we showed that the interference from tubulin CTTs, in response to the nucleotide state of the motor, regulates weak and strong kinesin binding states. Thus, the CTTs play a crucial role in promoting processive walking of dimeric kinesin by facilitating motor release from the MT surface. The interactions between structural MAPs and CTTs (Serrano et al, 1984a; Marya et al, 1994; Al-Bassam et al, 2002) further suggest a functional relationship between kinesin and CTTs. One could speculate that MAPs, by saturating the charged CTTs, may impose a similar rigor state on kinesin as caused by their removal, thereby stalling the processive walk (Ebneth et al, 1998; Seitz et al, 2002) , but still allow kinesin motors to decorate MTs fully (unpublished results). Similarly, the facts that the major part of tubulin heterogeneity is located at its C-terminus (Redeker et al, 1992) , and that CTTs undergo post-translational modifications which all modify their charge (Luduena, 1998; Rosenbaum, 2000) , indicate their central role in the modulation of MT-based motility and underline the necessity to further investigate kinesin binding properties to individual tubulin isoforms.
Experimental procedures
MT preparation Bovine brain tubulin (Cytoskeleton, Inc.) was polymerized for 20 min at 371C in 80 mM PIPES (pH 6.8), 2 mM MgCl 2 at a concentration of 5 mg ml À1 and in the presence of 7.5% (v/v) DMSO, 2 mM GTP and 20 mM Taxol. In order to remove the Cterminal ends of a-and b-tubulin, MTs were treated with 200 mg ml À1 subtilisin for 1 h at 301C. Proteolysis was stopped with the addition of 10 mM PMSF (Roche Molecular Biochemicals). Treated MTs were spun for 10 min at 16 000 rcf and were resuspended in BRB80 including 0.8% Taxol. All chemicals used were of analytical grade.
Cloning, expression, and purification of kinesin constructs We cloned, expressed, and purified all kinesin constructs as described in Hoenger et al (2000) and in Skiniotis et al (2003) . Briefly, non-SH3-tagged monomeric and dimeric constructs (rK354, rK379) were expressed from a pET-3a derivative vector. For kinesin-SH3 chimeras, we amplified by polymerase chain reaction the corresponding fragments and cloned them in vector pET-22b, including a stop codon to avoid expression of the His-tag. All constructs were expressed in Escherichia coli BL21 (DE3) by induction with 0.5 mM IPTG for 16 h at 241C. Cells were resuspended in 20 mM PIPES (pH 6.9), 1 mM EGTA, 1 mM DTT, 1 mM MgCl 2 , 50 mM NaCl, 100 mM MgATP, and lysed with a French press (Aminco). Purification was carried out by two ion exchange columns (SP sepharose, monoQ) followed by a gel filtration run on G200 Hiload 16/60 (Pharmacia) in 20 mM PIPES (pH 7.2), 50 mM NaCl, 5 mM MgCl 2 .
Specimen preparation for cryo-EM Decoration of MTs with kinesin constructs was carried out at a final concentration of tubulin at 0.5 mg ml À1 . The different nucleotide states were generated by treatment of the motor with 5 mM apyrase (nucleotide-free), 5 mM AMP-PNP (ATPlike), or 20 mM ADP. For dimeric motors, we used 1.5 times motor per binding site for AMP-PNP decoration, and 2.5-3 times motor per binding site for nucleotide-free conditions. Motors with MTs were incubated for 2 min, followed by absorption of the sample on holey carbon grids and quick freezing in liquid ethane (Dubochet et al, 1988) . Cryo-EM was performed on a Philips CM200-FEG microscope, using a GATAN-626 cryo-holder. Images were recorded on Kodak SO-163 electron microscopy film, at Â 38.000 magnification, and at a defocus range between -1.5 and -2.0 mm.
Image processing and 3D reconstruction
For 3D reconstructions, we screened for 15-protofilament/2-start helical MTs (see Beuron and Hoenger, 2001 ). Micrographs were digitized using a Zeiss-SCAI scanner operated at 21 mm on the negative, which corresponds to 0.5526 nm on the sample. Suitable MTs were helically reconstructed by using the program suite PHOELIX (Whittaker et al, 1995) . 3D maps were visualized using SUPRIM (Schroeter and Bretaudiere, 1996) and VolVis (SUNY Stonybrook). Significant differences between the 3D maps were calculated by a t-test within the PHOELIX suite, comparing all the data sets used for each reconstruction. In our figures, difference maps are displayed at volumes enclosing a certainty level higher than 99% for a significant difference in mass.
Molecular docking and modeling
Using the modeling program 'O' (Jones et al, 1991) , the atomic resolution structures of rK354 (Sack et al, 1997 (2KIN) ) and tubulin (Nogales et al, 1998 (1TUB) ) were manually docked in the EM envelopes obtained for rK354 complexed to MTs in the absence of nucleotide.
Steady-state ATPase kinetics
All biochemical assays were performed at 251C in BRB80 buffer (80 mM PIPES (pH 6.8) with NaOH, 1 mM MgCl 2 , 1 mM EGTA). MTs were assembled from cold-depolymerized tubulin and stabilized with taxol. All concentrations reported are final concentrations after mixing. The steady-state ATPase activity was determined by following [a 32 P]ATP hydrolysis (Gilbert and Mackey, 2000) . Each data set in Figure 7A was fit to the MichaelisMenten equation; the data in Figure 7B required quadratic Equation (1).
where Rate is the amount of hydrolysis product formed per second per active site, k cat is the maximum rate constant of product formation at saturating substrate, E 0 is the rK354 concentration, K 1/2,MT is an apparent dissociation constant defined by the MT concentration needed to provide one-half the maximal velocity, and MT 0 is the tubulin concentration as taxol-stabilized MTs.
MT equilibrium binding assays
These experiments were performed as described previously (Klumpp et al, 2003) . In the absence of added nucleotide ( Figure 7C ), rK354 at 2 mM was incubated with varying concentrations of native MTs or subtilisin MTs (0-4 mM tubulin) for 30 min, followed by centrifugation. The MT pellet was resuspended in BRB80 buffer to equal the volume of the supernatant, and samples of each were analyzed by SDS-PAGE. The Coomassie blue stained gels were scanned and quantified by NIH Image v1.62 to determine the concentration of rK354 in the supernatant and pellet at each MT concentration. The ratio of rK354 in the pellet to total rK354 (supernatant þ pellet) was plotted as a function of MT concentration. The data were fit to quadratic Equation (2):
where MT-E/E 0 is the fraction of rK354 partitioning with MTs, E 0 is the total rK354 concentration, K d is the dissociation constant, and MT 0 is the total tubulin concentration. Figure 7D and E show the normalized data, and each data set was fit to quadratic Equation (3). 
MT-E-AXP
¼ 0:5fðE 0 þ K d þ AXPÞ À ½ðE 0 þ K d þ AXPÞ 2 Àð4E
Pre-steady-state kinetics
The kinetics of MT-activated ADP release were measured using the fluorescent ADP analogue, mantADP. For the mantADP release experiments, the excitation wavelength was 360 nm with emitted light measured through a 400 nm cutoff filter (mant l emm ¼ 450 nm). The rK354 motor was incubated with mantADP at a ratio of 1:2 for 60 min to allow exchange of ADP at the active site with mantADP. The rate constants for mantADP release at low MT concentrations ( Figure 8B ) were used to detect motor association with the MT as described previously . This approach is valid because mantADP release is rapid for kinesin. The pre-steady-state kinetics of ATP-promoted dissociation was measured using the change in turbidity monitored at 340 nm. MantADP release, motor association with MTs, and ATP-promoted motor dissociation were determined using the SF-2003 KinTek stopped-flow instrument in BRB80 buffer at 251C.
